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Introduction
The cytochrome CYP enzyme (CYP) family is largely responsible for the metabolism of xenobiotics (Guengerich, 2001; Wienkers and Heath, 2005) . Although CYP-mediated metabolism usually leads to detoxification, bioactivation and reactive metabolites formation can occur increasing the risk of drug-induced liver injuries (Mitchell et al., 1973; Dahlin et al., 1984; Leung et al., 2012) . A key differentiating factor for a xenobiotic to form a benign, oxidative metabolite or a reactive metabolite is the innate chemistry of the xenobiotic (Nelson, 1982) . The term structural alert classifies a set of chemical functional groups prone to CYP-mediated reactive metabolite formation (Kalgutkar and Didiuk, 2009; Stepan et al., 2011) . Exposure of these functional groups to CYP enzymes is anticipated to increase the probability of reactive metabolite formation; therefore, strategies to identify and limit reactive metabolite formation are of importance.
Substrate interactions with the active site architecture of CYP enzymes also governs regioselectivity of metabolite formation, potentially impacting bioactivation and exposure to reactive metabolites. For example, furafylline possesses a structural alert in the furan moiety.
However, bioactivation has been shown to occur exclusively at the 8-methyl position of the xanthine moiety (Kunze and Trager, 1993) . Docking studies with furafylline and CYP1A2 position the 8-methyl position towards the heme iron based upon a prominent interaction between the furan ring and Phe125 of the enzyme active site, highlighting the potential for enzyme to direct metabolite regioselectivity (Lewis and Lake, 1996) . CYP active site architecture not only orients substrate potentially limiting formation of reactive metabolites, but can also sequester bioactivated metabolites through covalent trapping by accessible nucleophiles. Reactive metabolites trapped in the active site by nucleophilic amino acids directly limits tissue exposure; thereby, decreasing the release of reactive metabolites and indirectly, the potential toxicity of bioactivation via feedback inhibition (Pearson et al., 2007) . Over the last decade, the X-ray crystal structures of CYPs offered structural insights to the active site topography and defined key residue interactions with co-crystallized ligands (Johnson and Stout, 2005; Dong and Wu, 2012) . This structural information facilitates the location of nucleophilic residues within the active site of CYP enzymes. A substrate prone to reactive metabolite formation could be used to probe the location of relevant active site nucleophiles. CYP-mediated reactive metabolite formation and subsequent enzyme inactivation typically have one of three fates: the reactive metabolite adducts the heme, forms a metabolicintermediate complex with the heme or covalently adducts the apo-protein (Kalgutkar et al., 2007) . Alkynes and alkyl amine containing compounds are classic examples where the reactive metabolites react with the heme and heme iron, respectively (Chan et al., 1993; Hanson et al., 2010) . In this instance, the reactive metabolite formed has relatively the same potential for reactivity across CYP enzymes given the conserved nature of the heme. However, some reactive metabolites are preferentially quenched by nucleophilic amino acid residues in the active site, which leads to CYP inactivation (Baer et al., 2007; Henne et al., 2012; Lin et al., 2012) . The structure of reactive metabolites is commonly inferred by identification of glutathione adducts (Baillie et al., 1989; Dieckhaus et al., 2005) . The cysteine thiol in glutathione represents a delocalized (soft) electrophile with vast reactivity and is physiologically relevant given the high cellular concentrations. As such, glutathione-adducted xenobiotics are commonly inferred to be the chemical entities responsible for CYP inactivation through apo-adduct formation.
Raloxifene undergoes bioactivation and formation of glutathione adducts in vitro by both CYP3A4 and CYP3A5. However, raloxifene is a time-dependent inhibitor of only CYP3A4 (Pearson et al., 2007) . The difference in inhibition was attributed to a single cysteine residue (Cys239) that is present in CYP3A4 but not CYP3A5. Cys239 sits at the interface between the active site and bulk solvent. Blocking this residue with iodoacetamide and/or mutating the cysteine to alanine, led to an increase in the formation of reactive metabolites from raloxifene as inferred from the increase in glutathione-conjugated raloxifene. The increase in glutathione-MOL #80739 6 adducted raloxifene was even more dramatic in CYP3A5. Although the raloxifene adduct findings are not physiologically relevant due to limited role of CYP metabolism in the in vivo clearance (Kemp et al., 2002) , other xenobiotics including AMG 478 (Henne et al., 2012) and carbamazepine (Kang et al., 2008) have been shown to or proposed to form adducts with Cys239.
The work presented herein investigates the potential role of active site cysteine residues across a panel of CYP enzymes for their ability to trap reactive metabolites. Raloxifene was used as a probe to explore the potential for bioactivation and inactivation across eight CYPs (CYP 1A2, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4 and 3A5). In addition, the amino acid architecture of the CYP active sites were examined and discussed in terms of the observed kinetic data. Raloxifene metabolism and glutathione adduct formation. Individual CYP enzymes (10 pmol)
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were pre-incubated for 5 min at 37 ºC prior to the addition of 10 mM NADPH to a final and centrifuged and resulting supernatants were analyzed via LC-MS/MS as described above.
Kinetic parameters were determined using GraphPad Prism (GraphPad Software Inc., La Jolla, CA). The natural log of percent remaining CYP3A4 activity versus pre-incubation time was plotted for each inhibitor concentration, and initial inactivation rate constants (k obs ) were calculated from the linear portions of the slopes of the log-linear potion of each plot. Inactivation parameters were estimated by non-linear regression using the following relationship:
, where K I is the inhibitor concentration at which the rate of enzyme inactivation is half the maximal rate, k inact is the rate constant for the maximal inactivation rate, and I is the initial inhibitor concentration (Silverman, 1988) .
CYP Protein and Peptide Adduct
Characterization. CYP2C8 and CYP3A4 Supersomes™ were used to characterize protein adduct formation based upon the TDI data above at (0.4 μM) and raloxifene (50 μM) were incubated in 0.5 mL potassium phosphate buffer (100 mM, pH 7.4) for 20 min at 37°C in the presence or absence of NADPH. Incubations were subsequently placed on ice and concentrated to a 15 µL volume using a Savant SpeedVac (Thermo Scientific, San
Jose, CA). Aliquots (400 μL) of ammonium bicarbonate buffer (50 mM, pH 8.1) and methanol were produced using 35% collision energy and a 1.0 Da isolation window. The resulting data were searched via SEQUEST embedded in Proteome Discoverer 1.2 (Thermo Scientific, San
Jose, CA). The following SEQUEST parameters were modified to include exact masses associated with diquinone methide and o-quinone adducts to cysteine, lysine, glutamic acid, aspartic acid and tyrosine amino acids. A putative peptide adduct was sequenced utilizing the MS 2 data set, followed by additional MS 3 characterization to characterize the site of adduct formation.
Structural Characterization and In Silico Modeling of CYP enzymes.
The PDB files used for modeling were 2HI4.pdb for CYP1A2, 1PQ2.pdb for CYP2C8, 1R9O.pdb for CYP2C9, 2F9Q.pdb for CYP2D6 and 1TQN.pdb for CYP3A4. For CYP2C19 a homology model was generated based upon the crystal structure of CYP2C9 (1RO9.pdb). For CYP3A5 a homology model was generated based upon the crystal structure of CYP3A4 (1TQN.pdb). Protein preparation script embedded in Maestro (Schrodinger, Portland, OR) was used to prepare the CYP structures prior to use in CAVER. Briefly, each pdb was imported and automatically corrected for missing hydrogens. All co-crystallized water molecules were removed and the iron formal charge defined at +3. Protonation states for histidine residues and heavy atoms in inhibition could not be readily determined based upon inability for fits to converge on the data (Table 1) . Based upon the metabolism and inhibition across CYP isoforms, the potential for raloxifene mediated time-dependant inhibition (TDI) was assessed. An IC 50 shift experiment was used to identify potential for TDI (Table 1 ). CYP2C8 and CYP3A4 showed a shift in potency from control samples greater than 2-fold. Based on the IC 50 shift results, a full kinetic profile for TDI of CYP2C8 and CYP3A4 was performed. The K I and k inact for CYP2C8 was 0.26 µM and 0.10 min -1 , respectively. For CYP3A4, the K I and k inact were 0.81 µM and 0.20 min -1 , respectively (Table 1) and were similar to previous results (Chen et al., 2002) .
This article has not been copyedited and formatted. The final version may differ from this version. as precursors, generated product ions consistent with the adducted peptide (Supplemental Figure 2) . Search algorithms were employed using raloxifene o-quinone mass for as a potential contributing inactivating species but no adducts were observed.
Structural characterization of active site cysteine. The program CAVER has been used to find the most accessible path from the active site to the surface of a protein (Petrek et al., 2006) .
Mapping of each CYP enzyme with CAVER revealed a conserved access channel for distal to the heme moving from the I-helix toward the end of the G and G' helices (Figure 4 ). Despite
This article has not been copyedited and formatted. The final version may differ from this version. α -helix such that it runs parallel to the I-Helix (green channel, Figure 4A ). A second egress channel begins to follow this trajectory but breaks toward the B'-Helix (orange channel, Figure 4A ). In contrast, the cysteine residues with the closest proximity to the active site in CYP1A2 are located parallel to the heme adjacent to one another on the opposite side of the protein in the β 2 sheet region, Cys405 and Cys406. For CYP2C8, there are two cysteine (Cys216 and Cys225) residues distal to the heme. Upon overlay of CYP2C8 and CYP3A4 the placement of the Cys216 and Cys225 are in close proximity to the Cys239 for the respective enzymes ( Figure 5 ). From the Caver results a unique access channel in CYP2C8 identified between B'-helix and G'-helix (green channel, Figure 4B ).
In contrast, the divergent channel in CYP3A4 was found to exit between the F'-helix and G'-helix (blue channel, Figure 4F ). Based on the caver results and known substrate recognition sites, each CYP enzyme was positioned with the I-helix parallel to the z-axis and divided into four quadrants (Figure 4 ). All cysteine residues were identified in each of the quadrants (Table   2 ).
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Discussion
Mammalian CYP enzymes have a conserved globular tertiary structure (Johnson and Stout, 2005) . At the core of CYP enzymes is a porphyrin heme, locked in place by electrostatic interactions with a number of conserved arginine residues and a ring of hydrophobic amino acids that sandwich the heme against the rigid, conserved I-Helix Sansen et al., 2007; Halpert, 2011; Shah et al., 2011) . Positioning the I-helix of each CYP parallel to the z-axis, each isoforms was divided into four quadrants to explore the location of cysteine residues ( Figure 4A ). In this view, the potential substrate and metabolite recognition sites are almost exclusively positioned in quadrant 1 (Q1) across the different mammalian CYPs. Therefore, the ability of a CYP enzyme to quench reactive metabolites is directed by the presence and accessibility of nucleophiles that can contact reactive metabolites in Q1. Reactive metabolites formed in CYP enzymes without matched nucleophiles could lead to uncontrolled reactive metabolite formation resulting in an increased exposure to reactive metabolites and potential for toxicity. Given the defined oxidative metabolic pathway and the previous characterization of glutathione adducts, raloxifene-mediated CYP bioactivation and inactivation was explored across eight CYP enzymes.
Raloxifene is an effective therapeutic in the treatment of breast cancer (Ko and Jordan, 2011) . In vivo, the exposure and elimination of raloxifene is governed by gut glucuronidation (Kemp et al., 2002) . However, in vitro raloxifene is subject to CYP3A metabolism resulting in the formation of multiple reactive metabolites, including a diquinone methide and o-quinone (Chen et al., 2002; Yu et al., 2004) . The formation of the diquinone methide introduces an electrophilic structure capable of reacting at multiple sites over 12 angstroms, due to the extensive conjugation of the molecular structure (Figure 1 ). The diquinone methide reacts with soft nucleophiles such as glutathione and N-acetyl cysteine (Chen et al., 2002) proprionic acid suggesting potential for the diquinone methide to react with aspartic or glutamic acid under non physiological conditions (Moore et al., 2010) . However, removal of Cys239 abolished TDI in CYP3A4 suggesting ester formation with diquinone methide is too unstable to lead to TDI. In addition, no isolable aspartic or glutamic acid raloxifene adducts were observed herein, albeit the transient nature of this complex could preclude isolation of the unstable peptide adduct. Based on the ability of raloxifene diquinone methide to readily react with cysteine, it serves as an excellent probe to explore the potential of CYP enzyme architecture for accessible cysteine residues.
Raloxifene incubations with all eight CYPs led to the formation of the diquinone methide except for CYP2E1 (Figure 2 ). In contrast, incubations setup to evaluate inactivation kinetics showed only CYP2C8 and CYP3A4 are susceptible to TDI (Table 1 ). An overlay of CYP2C8
and CYP3A4 structures revealed the presence of cysteine residues in Q1 for 2C8 similar to 3A4
( Figure 5 ). For CYP2C8, two cysteine residues were identified in Q1. Cys225 resides in helix F' and serves as the upper boundary to the CYP2C8 active site. Helix F' is also responsible for interactions with substrates in the active site (Schoch et al., 2008) . The second cysteine, Cys216 resides at the start of helix G, also having the potential to interact with substrates and metabolites. In comparison, in CYP3A4 a single cysteine (Cys239) resides in the flexible loop preceding helix G.
Inactivation of CYP3A4 by raloxifene occurs through apo-adduct formation with Cys239
as previously demonstrated in reconstituted CYP3A4 enzyme (Baer et al., 2007) . Confirmation of Cys239 adduction by raloxifene from CYP3A4 Supersomes™ is unique compared to previous efforts to identify CYP adducts which used purified, reconstituted enzyme (Lightning et al., 2000; Bateman et al., 2004; Wen et al., 2005; Yukinaga et al., 2007) . A challenge with the reconstitution of recombinant CYPs is the complete incorporation of enzyme into the lipid membrane whereby any CYP left unincorporated into the lipid could trap reactive metabolites akin to an exogenously added nucleophile. Corroboration of the previously generated Furthermore, given the structural alert and known propensity of raloxifene to form the diquinone methide, an apo-adduct(s) with CYP2C8 was hypothesized. A single raloxifene adduct was identified at Cys225 with a mass consistent of addition of the diquinone methide metabolite. Not surprisingly, Cys225 from CYP2C8 and Cys239 from CYP3A4 approximate the same spatial arrangement upon overlay of the two structures ( Figure 5 ). Cys216 in CYP2C8 is in close proximity to Cys225. A noteworthy finding is that both CYP2C9 and CYP2C19 also possess Cys216 similar to that found in CYP2C8. Upon overlay of the all of the CYP2C structures, Cys216 resides in a similar space for each enzyme. The lack of adduct formation at Cys216 with raloxifene in CYP2C8 is also consistent with the lack of TDI observed in both CYP2C9 and CYP2C19.
The surrounding protein environment also greatly impacts nucleophilicity of the cysteine thiols (Ferrer-Sueta et al., 2011) . In addition, many protein surface thiols are often targets for oxidation (Requejo et al., 2010) . Based upon the uncoupling of CYP catalytic cycle and ability to generate hydrogen peroxide, there is a potential for cysteines near active site to undergo oxidation to sulfenic acid. Sulfenic acid is highly reactive and capable of undergoing nucleophilic attack or additional oxidations ultimately to stable sulfonic acid derivative (Romero et al., 1992; Liu et al., 1996; Claiborne et al., 2001) . Analysis of peptide digests for oxidized cysteines revealed that all of the CYP2C8 digests possessed a peptide containing oxidized Cys216
(SO 3 H). Therefore, the oxidation of Cys216 could easily compromise reactivity toward various electrophiles.
This article has not been copyedited and formatted. The final version may differ from this version. In addition, the absence of a Cys216 raloxifene adduct could be a result of specific egress channel of the diquinone methide that traverses proximal to Cys225. Utilizing Caver, access channels in CYP2C8 were modeled in an attempt to gain further insight to the regioselectivity demonstrated by raloxifene diquinone methide. Three primary channels were observed for CYP2C8. The largest channel in CYP2C8 overlaps with that determined in CYP3A4. In addition, the second most prominent channel traverses a similar path between CYP2C8 and CYP3A4. The second channel passes in close proximity to Cys225 and Cys239 in CYP2C8 and CYP3A4, respectively. No access channels were shown to pass directly by Cys216 consistent with the unmodified peptide observed in the digest. The combined data support the notion that CYP2C8 TDI is mediated through the raloxifene diquinone methide predominantly, if not exclusively, by Cys225.
The lack of raloxifene mediated inactivation of CYP1A2, CYP2D6 and CYP3A5 are consistent with the lack of cysteine residues present in Q1. However, numerous examples of TDI have been documented with the aforementioned enzymes. Many of the examples cause TDI through MI complex formation and are not applicable to this discussion (VandenBrink and Isoherranen, 2010) . However, examples where TDI is likely to occur by apo-adduct formation exist. For example, CYP2D6 inactivation was observed with EMTPP as an apo-adduct (Hutzler et al., 2004) . The exact site and residue of adduct formation was never pursued. CYP1A2 mediated metabolism of zileuton also leads to TDI for which the mechanism is hypothesized to occur through apo-adduct formation (Lu et al., 2003) . There are two interesting concepts conserved across these TDI examples: 1) glutathione adducts for the drugs have been identified implicating the potential for apo-protein formation and 2) there are a lack of cysteine residues in Q1. A potential explanation for the disconnect between the observed inactivation and the absence of Q1 cysteines would be the potential for novel egress channels beyond Q1. For CYP1A2, there are two cysteine residues that reside in close proximity to the active site, Cys405 and Cys406. However, the CYP1A2 egress channels produced in Caver do not This article has not been copyedited and formatted. The final version may differ from this version. potential for hepatotoxicity will ultimately enable further testing of this hypothesis.
In conclusion, all of the CYP enzymes examined (except CYP2E1) formed the diquinone methide thus providing a probe of each active site for solvent accessible cysteines capable of enzyme inactivation. Similar to CYP3A4, an active site Cys residue in CYP2C8 is alkylated upon raloxifene bioactivation to the diquinone methide to inactivate the enzyme. The inability for inactivation by the diquinone methide with CYP 1A2, 2D6 and 3A5 are consistent with the crystal structure data wherein no cysteines are present in Q1. Additional support from the Caver derived access channels clearly demonstrates the primary metabolite exit channels are void of cysteine residues capable of trapping the raloxifene diquinone methide. The inability to inactive CYP2C9 and CYP2C19 could be due to oxidation of Cys216 similar to reports here with CYP2C8. Finally, the combined data presented suggests the extent of reactive metabolite formation by a CYP enzyme does not correlate to CYP inactivation. Multiple factors, including active site architecture, exit channels and chemical structure of the reactive metabolite all may contribute to the ability to form apo-adducts with a CYP enzyme.
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